To examine whether synovial cell proliferation is due to angiogenesis, we studied the relationship between the inhibition of synovial cell proliferation and an angiogenesis inhibitor, TNP-470, in human synovial tissues. Human synovial tissues were implanted into the back of SCID mice (SCID-HuAg mice). Sixteen mice were divided into two groups of eight mice each: the untreated group (vehicle group) and the TNP-470-treated group that received a dose of 10 mg/kg body weight by subcutaneous injection. The number of blood vessels and synovial lining cells clearly increased in the vehicle group, but the number of synovial lining cells clearly decreased and the blood vessels were hardly detected in the TNP-470 group. Immunohistochemically, cells that stained positively for the anti-proliferating cell nuclear antigen (PCNA) mAb were abundant in synovial lining cells and endothelial cells in synovial tissues. Cells that stained positively for the anti-CD34 polyclonal antibody were abundant in the endothelial cells in the vehicle group, but these positively stained cells were hardly detected in the TNP-470 group. The PCNA positivity ratio in the vehicle group was 0.64 Ϯ 0.019, whereas that in the TNP-470 group was 0.199 Ϯ 0.007. The numbers of cells that stained positively for anti-CD34 polyclonal antibody were 242 Ϯ 13.4 in the vehicle group and 153 Ϯ 6.73 in the TNP-470 group per 10 microscopic fields. Cells that stained positively for anti-mouse CD31 mAb were mainly localized in the synovial lining, but invaded the subsynovial lining layer in human synovial tissues. On the other hand, cells that stained positively for anti-human CD31 mAb were mainly localized in the subsynovial lining layer. We found that endothelial cell proliferation is dependent on angiogenesis based on the result that angiogenesis and synovial cell proliferation were inhibited by treatment with TNP-470. (Lab Invest 2002, 82:981-988).
I
n recent years, it has become clear that angiogenesis is important not only in physiologic processes such as embryonic development, wound healing, and organ and tissue regeneration, but also in tumor progression and metastasis (Hanahan and Folkman, 1996) . Physiologic angiogenesis is a regulated, selflimiting process, whereas pathologic angiogenesis is critical for pannus formation in rheumatoid arthritis (RA), such as diabetic retinopathy, solid tumor growth, psoriasis, and scleroderma (Hanahan and Folkman, 1996; Koch, 1998) . Therefore, we consider several potential mechanisms involved in anti-angiogenesis treatment in RA patients: first, decreasing nutrient supply to tumor-like synovia; second, inhibiting leukocyte adhesion and migration by decreasing endothelial cell surface area; and third, decreasing chemokine and cytokine production by activated endothelial cells (Firestein, 1999) .
A number of angiogenic growth factors are involved in the neovascularization process in the RA joint. We have clarified that the vascular endothelial growth factor (VEGF) and basic-fibroblast growth factor (b-FGF) are expressed and localized in synovial tissues from RA patients and that their expression level is significantly higher than that from osteoarthritis (OA) patients (Nagashima et al, 1995) . VEGF and b-FGF levels in serum and joint fluids from patients with RA are significantly higher than those from OA and nonRA patients. On the other hand, the levels of endostatin, an angiogenesis inhibitor, in the serum and joint fluids from RA and OA patients and nonRA patients were not significantly different (Nagashima et al, 2000) .
These results indicate the occurrence of angiogenesis in RA patients due to an imbalance between angiogenic growth factors and angiogenesis inhibitors. However, it is not clear whether angiogenesis contributes to the proliferation of synovial lining cells. Therefore, we investigated whether synovial cell proliferation is inhibited by an angiogenesis inhibitor, TNP-470 (AGM-1470), using human synovial tissues engrafted into the severe combined immunodefi-ciency disease (SCID) mouse. The SCID mouse, which has defects in both humoral and cell-mediated immunities, can serve as a recipient of grafts derived from numerous human tissues (Geiler et al, 1994; Jorgensen et al, 1996; Matsuno et al, 1998; Rendt et al, 1993; Sack et al, 1994 Sack et al, , 1996 .
TNP-470 is a potent angiogenesis inhibitor derived from fumagillin, a naturally occurring fungal product (Ingber et al, 1990 ) and a selective inhibitor of in vitro b-FGF-stimulated endothelial cell proliferation, endothelial cell migration, and capillary tube formation (Brem and Folkman, 1993) . On the other hand, TNP-470 generally amplifies human T cell activation through induction of nuclear factor-B and nuclear factor-AT, and B cell proliferation through its action on T cells (Locigno et al, 2000) . To examine whether synovial cell proliferation is induced by angiogenesis, we studied the relationship between the inhibition of synovial cell proliferation and TNP-470 in RA patients by immunohistochemistry of human synovial tissues that have been engrafted into the SCID mouse (SCIDHuAg mouse) (Matsuno et al, 1998) .
Results

Histologic and Immunohistochemical Observation at Various Times after Implantation
Histologic findings by hematoxylin-eosin (HE) and immunohistochemical staining using the anti-human CD34 polyclonal antibody (pAb) performed four times (1, 2, 4, and 6 weeks after implantation in the untreated group, vehicle group) showed that angiogenesis and synovial lining cell proliferation in the tissues were most distinctly observed at 2 weeks after implantation, compared with those at 1, 4, and 6 weeks after implantation (Fig. 1 ).
Histologic and Immunohistochemical Observation in Vehicle Group and TNP-470 Group
On observing synovial tissues that were HE stained 2 weeks after implantation, synovial lining cells were found to proliferate and pile up, and in the sublining layer, the number of blood vessels clearly increased in the vehicle group. On the other hand, the number of synovial lining cells clearly decreased and the blood vessels were hardly detected in the TNP-470 treated group (TNP-470 group). Immunohistochemically, cells that stained positively for the anti-proliferating cell nuclear antigen (PCNA) mAb were abundant in synovial lining cells and endothelial cells in synovial tissues. Cells that stained positively for anti-CD34 pAb were abundantly localized in the endothelial cells in the vehicle group, but these positively stained cells were hardly detected in the TNP-470 group (Fig. 2) .
Immunohistochemical Analysis in Vehicle Group and TNP-470 Group
To investigate how synovial cells proliferate in the two groups 2 weeks after implantation, we counted the number of cells that stained positively for anti-PCNA mAb per 1,000 each of the synovial lining cells and endothelial cells. The PCNA positivity ratio in the vehicle group was 0.64 Ϯ 0.019, but that in the TNP-470 group significantly decreased to 0.199 Ϯ 0.007 (Fig. 3) .
Next, cells that stained positively for anti-CD34 pAb were counted to determine the number of blood vessels. The numbers of positively stained cells were 242 Ϯ 13.4 in the vehicle group and 153 Ϯ 6.73 in the TNP-470 group per 10 microscopic fields. There was a significant difference between the vehicle group and the TNP-470 group (Fig. 4) . Similar to the case of cell proliferation, the number of blood vessels in the vehi-
Figure 1.
Hematoxylin-eosin and immunohistochemical staining with anti-CD 34 polyclonal antibody (pAb) in SCID-HuAg mice from vehicle group 1, 2, 4, and 6 weeks after implantation. Endothelial cells that stained positively for CD34 pAb (B, D, F, and H). Angiogenesis and synovial cell proliferation were most distinctly observed 2 weeks after implantation. A and B, C and D, E and F, and G and H show hematoxylin-eosin (HE) staining and immunohistochemical staining for CD 34 pAb in serial sections 1, 2, 4, and 6 weeks after implantation, respectively. Original magnification (A to H), ϫ160.
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cle group was higher than that in the TNP-470 group 2 weeks after implantation.
Human b-FGF and VEGF Analyses in Vehicle Group and TNP-470 Group
Blood samples were obtained from all of the 16 SCID mice from the two groups that were killed 2 weeks after implantation. The human b-FGF levels in four of the eight peripheral blood samples from the vehicle group were below the detection limit that was determined by dilution using an enzyme-linked immunosorbent assay (ELISA) kit according to the manufacturer's instructions (Ͻ 0.6308 pg/ml). The human b-FGF levels of the other four samples were found to range from 1.06 to 5.41 pg/ml (2.81 Ϯ 2.23 pg/ml). On the other hand, the human b-FGF levels in five of the eight samples from the TNP-470 group were below the detection limit (Ͻ 0.6308 pg/ml). The human b-FGF levels of the other three cases were found to range from 0.91 to 1.81 pg/ml (1.36 Ϯ 0.64 pg/ml). However, the human VEGF levels of both vehicle and TNP-470 groups were below the detection limit.
Expression and Localization of Human VEGF, Flk-1, and b-FGF in Vehicle Group
To clarify the relationship between angiogenic growth factors and angiogenesis in SCID mice, we investigated the localization and expression of growth factors (VEGF and b-FGF) and Flk-1, a VEGF receptor. Synovial tissues that were immunohistochemically stained were observed 2 weeks after implantation. In the vehicle group, cells positive for anti-human VEGF were abundant in synovial lining cells and stroma, cells positive for anti-human b-FGF mAbs were abundant in fibroblasts in sublining layer, and cells positive for anti-human Flk-1 mAb were localized in endothelial cells in synovial tissues (Fig. 5) .
Angiogenesis in Human Synovial Tissue Grafted SCID Mice 2 and 6 Weeks after Implantation
Anti-human and anti-mouse CD31 mAbs were used for serial frozen sections of the SCID-HuRAg mice. Two weeks after implantation, cells that stained positively for anti-mouse CD31 mAb were mainly localized in the synovial lining and invaded the subsynovial lining layer in synovial tissues. On the other hand, cells that stained positively for anti-human CD31 mAb were mainly localized in the subsynovial lining layer in human synovial tissues (Fig. 6) . Six weeks after implantation, cells that stained positively for anti-mouse CD31 and anti-human CD31 mAbs were clearly divided and none of the cells were double-stained. Based on the immunohistochemical staining with antimouse and anti-human CD31 mAbs, the SCID-HuRAg mice were observed to be surrounded and invaded by blood vessels derived from mouse.
Discussion
The continuous invasive and destructive growth of synovial tissues is one of the major pathohistologic characteristics of RA patients. The transformedappearing phenotype of synovial lining cells is accompanied by the production of matrix-degrading molecules and the up-regulation and expression of signaling molecules such as growth factors, cytokines, and adhesion molecules (Mü ller-Ladner et al, 1995) . However, the proliferation of these cells being largely dependent on pathologic angiogenesis is observed in various disorders, such as solid tumor growth and metastasis.
There have been several reports that TNP-470 suppresses inflammatory arthritis in models of this disease, such as an adjuvant arthritis rat for Mycobacterium tuberculosis (Peacock et al, 1992 (Peacock et al, , 1995 and a collagen-induced arthritis rat (CIA) from collagen type II rat (CII) (Oliver et al, 1995) . Peacock et al (1992) reported that when TNP-470 was administered for a brief period, ranging from 2 to 8 days, development of synovitis was prevented for at least 2 months. One plausible mechanism for this is that angioinhibition in the first 10 days in CIA precluded pannus formation. This concept is supported by the observation that blood supply is initially observed within the CIA synovia 5 to 7 days after CII immunization (Caulfield et al, 1982) . Blood supply in the SCID-HuAg mouse in our study is completed within 2 weeks (14 days), and according to CIA models, it is within 18 days after CIA onset (Oliver et al, 1995) .
In our study, angiogenesis and synovial cell proliferation are distinctly observed in the vehicle group 2 weeks after implantation; on the other hand, synovial cell proliferation and angiogenesis have been suppressed by treatment with TNP-470. Our results indicate that angiogenesis is involved in synovial cell proliferation. In Figure 6 , cells that stained positively for anti-human CD31 mAb are abundant in human synovial tissues and cells that stained positively for anti-mouse CD 31 mAb are abundant in the surrounding human synovial tissues in SCID-HuRAg mice. Whether endothelial cells are derived from human or mouse can be almost clearly distinguished, and some part of the blood vessels derived from mouse were found to invade human synovial tissues. These results confirm that human endothelial cells are fed by blood vessels derived from mouse and the proliferation of human endothelial cells may cross-react with mouse VEGF. Lu et al (2000) reported that HUVEC proliferation is elicited by mouse VEGF, and cDNAs of human Immunohistochemical findings for mouse CD31 (A to C) and human CD31 (D to F) mAbs in SCID-HuAg mice of the vehicle and TNP-470 -treated groups 2 and 6 weeks after implantation. A and D show immunohistochemical staining (IHS) for anti-mouse and anti-human CD31 mAb in serial sections 2 weeks after implantation (original magnification, ϫ160). B and E show higher magnification of A and D (original magnification, ϫ320). C and F show IHS for these antibodies in serial sections 6 weeks after implantation (original magnification, ϫ160). Human synovial tissues were observed to be surrounded and invaded by blood vessels derived from mouse. and murine VEGF show more than 80% homology (Claffey et al, 1992) .
The effect of TNP-470 on the proliferation of cancer cells and HUVECs was examined, and the results suggest that TNP-470 inhibited more strongly the proliferation of endothelial cells than that of cancer cells in vitro (Kawarada et al, 2000; Takatsuka et al, 2000; Wang et al, 2000) . The mechanism by which TNP-470 inhibits the proliferation of endothelial cells involves the suppression of cyclin D1 expression in the mid-G1 phase (Abe et al, 1994; Hori et al, 1994) . Our results show that the PCNA positivity ratios for synovial cells and endothelial cells in the TNP-470 group were significantly inhibited compared with that in the vehicle group.
On the other hand, angioinhibition may affect endothelial cells directly or indirectly via stimulation/inhibition of cytokines such as thrombospondin, TNF-␣, IFN-␣2, FGF, TGF-␣, and TGF-␤, or of several angiogenic factors (Folkman and Klagsbrun, 1987; FraterSchroder et al, 1987; Heinmark et al, 1986; Sidky and Borden, 1987; Wiseman et al, 1988) . TNP-470 alone or in combination with cyclosporin suppressed VEGF production in CIA (Oliver et al, 1995) and the level of VEGF in the culture supernatant of a TNP-470 -treated cell line derived from a carcinosarcoma of the human uterus was significantly lower than that of the control (Emoto et al, 2000) .
However, the mechanism underlying the inhibition by TNP-470 is not that of the inhibition of b-FGF and VEGF (Mori et al, 2000) . Kawarada et al (2000) reported that TNP-470 did not inhibit VEGF production in vitro. Our results suggest that b-FGF levels in the TNP-470 group were inhibited compared with those in the vehicle group. However, in the vehicle group, b-FGF and VEGF are abundant in synovial tissues as determined using immunohistochemistry (Fig. 5) .
The mechanism by which TNP-470 induces apoptosis is not yet clear. Considering that in the vehicle group, apoptosis occurred in regions far from blood vessels in the stroma and apoptosis was not detected near regions with prominent vascularization (data not shown), the inhibition of angiogenesis or hypoxia induces metabolic stress and hypoxia itself also induces apoptosis (Schweiki et al, 1992) . At the same time, hypoxia can induce expression of VEGF (Hanahan and Folkman, 1996; Schweiki et al, 1992) . However, Wasseberg et al (1999) reported that the signals for angiogenesis by VEGF were abolished by TNP-470, because all vascular parameters were reduced.
Our results indicate that angiogenesis or feeding arteries may play an important role in synovial cell proliferation and cell survival, and inflammatory cells are essential in prolonging the period of inflammatory changes in synovial tissues. We conclude that inhibition of angiogenesis induces the inhibition of synovial cell proliferation in synovial tissues obtained from RA patients, indicating that it is a useful strategy for treating RA.
Materials and Methods
Human Synovial Tissues
Human synovial tissues were obtained from eight RA patients diagnosed according to the criteria of the American College of Rheumatology. After we had obtained informed consent from the patients, specimens were obtained during synovectomy of the knee joint. The mean age of the patients was 53.2 years and the mean disease duration was 9.8 years. All of the patients were undergoing prednisolone treatment (5 mg/day). The study was approved by the Human Ethics Committee of Nippon Medical School. Immediately after harvesting, the synovial tissue samples were frozen at Ϫ80°C and stored until their engraftment into the SCID mouse.
Transplantation of Human Synovia into SCID Mice
The frozen synovial tissues were immediately thawed in HBSS warmed at 37°C, immersed in saline, and irrigated. Briefly, the tissue was cut into small sections (0.3 to 0.4 g each). The SCID mice were anesthetized with ether. A 1-cm incision was made on the back of each mouse, and 0.3 to 0.4 g of human synovial tissue was placed subcutaneously, away from the skin incision. Clips were used to close the wound. All surgical procedures were performed under sterile conditions in a laminar flow hood (Jorgensen et al, 1996) .
Experimental Design
Sixteen male SCID Jic mice (BALB/cA-bg, Japan Kurea, Tokyo, Japan), 6 to 9 weeks old and weighing 20.7 to 27.7 g, in which NK activity was suppressed and T and B cells were deficient, were used for establishing the SCID model (Koyanagi et al, 1997) . The SCID mice were divided into two groups: the vehicle group and the TNP-470 group, each composed of eight mice. The untreated group received only a vehicle (10% ethanol/saline) and the treated group received TNP-470 subcutaneously at a dose of 10 mg/kg body weight in the proximal back every day. Two weeks after implantation, all of the SCID mice were killed. Then, the implanted tissue was removed and blood samples were obtained by heart puncture. In the vehicle group, when angiogenesis and cell proliferation occurred most frequently was investigated according to four time courses: 1, 2, 4, and 6 weeks after implantation.
Preparation and Evaluation of Specimens
The tissue was cut into two sections: one section was fixed in 10% neutral formalin and embedded in paraffin for HE staining and immunohistochemical staining. The paraffin sections were cut to a thickness of 3 to 4 m and were stained with the following antibodies: PCNA mAb (DAKO, Copenhagen, Denmark) and antihuman CD34 pAb (Santa Cruz Biochemicals, Santa Cruz, California). The PCNA antigen, known as cyclin or as an auxiliary protein for DNA polymerase ␦, was Nagashima et al used as a marker of cell growth because its expression increases 2-or 3-fold between early G1 and early S phases (Suzuki et al, 1992) . The CD34 antigen is the earliest known marker expressed by human hematopoietic progenitor cells and was also detected in vascular endothelial cells and some fibroblasts (Krause et al, 1994) . The other section was fixed in 4% paraformaldehyde in PBS for 16 to 18 hours. Then, it was immersed in 30% (w/v) sucrose in PBS containing 0.02% (v/v) diethyl pyrocarbonate (Sigma Chemical, St. Louis, Missouri) at 4°C for 16 to 18 hours and frozen in an OCT compound at Ϫ80°C. The frozen sections were cut to a thickness of 5 to 6 m, mounted on 3-aminopropyl methoxysilane-coated (silane) slides, and then stained with the following: anti-human CD31 mAb (Chemicon International, Temecula, California) and anti-mouse CD31 mAb (PharMingen, San Diego, California). An endothelial cell-cell adhesion molecule, the platelet endothelial cell adhesion molecule/CD31 antigen, was expressed on the surface of endothelial cells, suggesting that interactions between endothelial cell-cell adhesion molecules are important in angiogenesis (Delisser et al, 1997) .
Immunohistochemical staining with these antibodies was performed according to the streptavidinbiotin-peroxidase complex method, using an ABC kit (Nichirei, Tokyo, Japan). The antibodies used were diluted as follows: anti-PCNA mAb,1:150; anti-CD34 pAb, 1:500; anti-human CD31 mAb, 1:200; and antimouse CD31 mAb, 1:200.
Human b-FGF and VEGF Cytokine Assay
Blood samples were obtained from the vehicle group and the TNP-470 group 2 weeks after implantation (commencement of treatment). The levels of human b-FGF and human VEGF in these samples were measured using appropriate ELISA kits (R and D Systems, Minneapolis, Minnesota).
Immunohistochemical Staining of Human VEGF, Flk-1, and b-FGF
The paraffin sections used were stained with antihuman VEGF mAb, anti-human Flk-1 mAb, and antihuman b-FGF (Santa Cruz). Immunohistochemical staining was performed using antibodies from an ABC kit. VEGF, Flk-1 and b-FGF antibodies were used at 1:200 dilution.
Statistical Analysis
Statistical evaluation of the difference in the number of positively stained cells in the synovial tissue between the vehicle group and the TNP-470 group was carried out using the Mann-Whitney test for nonparametric samples; p values less than 0.05 were considered to indicate significant differences.
